Abstract: This study develops an equilibrium radiative model based on a quasi-adiabatic atmosphere that quantifies the average surface flux of a planetary body as a function of absorbed solar radiation P and the bulk emissivity of the atmosphere with respect to surface radiation ε. The surface flux is then given by P/(1 − ε), and I define the scaling term 1/(1 − ε) as the greenhouse factor. The model is applied to all of the rocky planets in the solar system to determine their greenhouse factors, and accounts for the diversity of planetary surface fluxes. The model is modified to allow for a top of atmosphere non-equilibrium state, which when compared with a recent observation-based model of the Earth energy budget, predicts the Earth's radiative fluxes to within the uncertainty ranges of that model. The model developed in this study is able to quantify the changes in Earth's surface flux caused by changes in bond albedo and atmospheric bulk emissivity by using the surface temperature, ocean heat content, incoming solar radiation and outgoing longwave radiation records. The model indicates an increase in absorbed solar radiation over the time period from 1979-2015 of the order of 3 W/m 2 , which was caused by a decrease in planetary bond albedo. The time-series albedo generated by the model is in agreement with Clouds and Earth's Radiant Energy System (CERES) derived albedo over the period from 2000-2015. The model also indicates a slight decrease in atmospheric bulk emissivity over the same period. Since atmospheric bulk emissivity is a function of the sum of all of the greenhouse gas species, a simultaneous decrease in atmospheric water vapor may offset the effect of the well-documented increase in the non-condensing greenhouse gases over the period, and result in an overall net decrease in bulk emissivity. Atmospheric water vapor datasets partially support the conclusion, with the International Satellite Cloud Climatology Project (ISCCP) data supporting a decrease. The NASA Water Vapor Project (NVAP-M) data supports a decrease in atmospheric water content over the period 1998-2008, but not over the longer period of 1988-2008. The model indicates that the decrease in planetary albedo was the driver for the increased surface flux over the stated period.
Introduction
Over the past 30 years, observations of radiative fluxes associated with Earth's atmosphere from satellite and Earth-based platforms have improved our understanding of the Earth energy budget, as described by Rossow and Zhang (1995) [1] , Kiehl and Trenberth (1997) [2] , Wild et al. (2013) [3] , Wild et al. (2015) [4] and Wild et al. (2017) [5] . These researchers have developed increasingly accurate empirical energy budgets based on direct observations and modeling results performed within global climate models. The results of Wild et al. (2015) represent the more recent results of Earth energy balance studies, in which direct observations from both surface and space, in combination 
Derivations of the Equilibrium and Non-Equilibrium Radiative Models

Properties of an Adiabatic Atmosphere
The adiabatic barometric Equations (1)- (3) describe the pressure ( ) , density ( ) , and temperature ( ) profiles at height , as a power function of their surface or other nominal values ( , , 0 , 0 ), gravity , and the specific heats of the atmosphere by constant pressure and constant volume [17] .
Figure 1.
Surface amplification of absorbed solar insolation P. ε, 0 ≤ ε < 1 is the bulk emissivity of the atmosphere with respect to the surface radiation. Units W/m 2 . TOA = top of atmosphere.
Derivations of the Equilibrium and Non-Equilibrium Radiative Models
Properties of an Adiabatic Atmosphere
The adiabatic barometric Equations (1)-(3) describe the pressure p(z), density (z), and temperature T(z) profiles at height z, as a power function of their surface or other nominal values (p o , o , T 0 , z 0 ), gravity g, and the specific heats of the atmosphere by constant pressure C p and constant volume C v [17] .
Within such an atmosphere, gaseous molecules are free to ascend by exchanging kinetic energy with gravitational potential energy. As such, the atmosphere has a well-defined upper boundary at height (z − z 0 ) = C p T 0 /g, at which point all of the molecular kinetic energy is converted to gravitational potential energy, and the theoretical temperature, pressure, and molecular density is zero. A non-zero top of atmosphere temperature is unstable in an adiabatic model. Let us consider that some fraction nP, 0 < n < 1 of solar insolation P absorbed within the atmosphere is redirected upward and emitted up from the top surface. Then, considering the atmosphere as a radiative grey body, the top of atmosphere will have an effective temperature T 2 defined by σT 4 2 = nP. Let the height of the top of atmosphere be z 2 . The atmospheric molecules at the top surface then have positive kinetic energy, and are free to rise to a new top of atmosphere at height z top = z 2 + C p T 2 /g, where, from Equation (3), all of the kinetic energy is once again converted to gravitational potential energy, and the temperature of the top of atmosphere is zero Kelvin and n = 0.
In the case of real atmospheres, including Earth, the absorption of solar insolation in the atmosphere disrupts an adiabatic temperature profile. However, application of the Stefan-Boltzmann law applies only to radiating surfaces, and so long as the boundary conditions are maintained, I am not concerned with internal deviations of temperature from the idealized adiabatic profile within the radiating body. In this sense, the model is quasi-adiabatic. These properties overcome the problem of a diffuse and poorly defined upper atmospheric boundary, and allow the atmosphere to be modeled as a radiative grey body with distinct upper and lower surfaces, to which the Stefan-Boltzmann law may be applied. When modeled in this way, the top of atmosphere is a non-radiating surface, since its theoretical adiabatic temperature is zero Kelvin, and the atmosphere is a fully anisotropic emitter, such that any atmosphere-absorbed radiation is re-emitted only through the bottom surface. This condition is crucial to the model.
Derivation of the Equilibrium Adiabatic Radiative Model
The atmosphere in Figure 2 is modeled as a grey body that is partially transparent to electromagnetic radiation. Applying boundary conditions of an adiabatic barometric temperature profile, the temperature at the top of the atmosphere is T 2 = 0 K. The bottom of the atmosphere has temperature T 1 . The planetary surface temperature is T 0 . The base of the atmosphere is in contact with the surface, but is shown separately from the surface for the purpose of clarity in the figure.
The atmosphere-planet system receives total solar insolation S at the top of atmosphere (TOA). Geometrically averaged over a sphere, the amount (1 − a)S/4 enters the system, and an amount aS/4 is reflected, where a, 0 ≤ a ≤ 1, is the dimensionless bond albedo, which comprises all of the solar insolation reflected from the atmosphere and the surface. Of the solar insolation entering the system, an amount µ(1 − a)S/4 is absorbed by the atmosphere, and the remainder (1 − µ)(1 − a)S/4 is transmitted through the atmosphere and absorbed by the planet surface. The dimensionless quantity µ, 0 ≤ µ < 1 is the bulk shortwave emissivity of the atmosphere with respect to solar radiation. Since the top of atmosphere is a non-radiating surface, the absorbed quantity µ(1 − a)S/4 can only be re-radiated downwards to maintain radiative balance. electromagnetic radiation. Applying boundary conditions of an adiabatic barometric temperature profile, the temperature at the top of the atmosphere is 2 = 0 K. The bottom of the atmosphere has temperature 1 . The planetary surface temperature is 0 . The base of the atmosphere is in contact with the surface, but is shown separately from the surface for the purpose of clarity in the figure.
The atmosphere-planet system receives total solar insolation at the top of atmosphere (TOA). Geometrically averaged over a sphere, the amount (1 − ) /4 enters the system, and an amount /4 is reflected, where , 0 ≤ ≤ 1, is the dimensionless bond albedo, which comprises all of the solar insolation reflected from the atmosphere and the surface. Of the solar insolation entering the system, an amount (1 − ) /4 is absorbed by the atmosphere, and the remainder (1 − )(1 − ) /4 is transmitted through the atmosphere and absorbed by the planet surface. The dimensionless quantity , 0 ≤ < 1 is the bulk shortwave emissivity of the atmosphere with respect to solar radiation. Since the top of atmosphere is a non-radiating surface, the absorbed quantity (1 − ) /4 can only be re-radiated downwards to maintain radiative balance. At the planet surface, the upward flux is 4 is transmitted through the atmosphere and escapes the system, where , 0 ≤ < 1 is the dimensionless bulk emissivity of the atmosphere with respect to the surface radiation. The absorbed component 0 4 is re-emitted downward to the surface. The transmitted portion (1 − ) 0 4 comprises the entirety of the outgoing longwave radiation (OLR) of the system. Thus, to maintain the radiative balance of the entire system, it follows that at radiative equilibrium: At the planet surface, the upward flux is σT 4 0 , where σ is the Stefan-Boltzmann constant. Of this radiative flux, an amount εσT 4 0 is absorbed by the atmosphere, and (1 − ε)σT 4 0 is transmitted through the atmosphere and escapes the system, where ε, 0 ≤ ε < 1 is the dimensionless bulk emissivity of the atmosphere with respect to the surface radiation. The absorbed component εσT 4 0 is re-emitted downward to the surface. The transmitted portion (1 − ε)σT 4 0 comprises the entirety of the outgoing longwave radiation (OLR) of the system. Thus, to maintain the radiative balance of the entire system, it follows that at radiative equilibrium:
The radiative model allows for non-radiative energy transfer from the surface to the atmosphere, in the form of the latent heat of vaporization of water per unit time L, and sensible heat transfer per unit time Q through conduction. This energy must be re-emitted as longwave radiation down from the atmosphere; hence, these transfers result in an increase in total downwelling longwave radiation. I assume that the equivalent value of downwelling radiation is re-consumed by the same processes so that downwelling radiation (L + Q) does not on average contribute to a surface temperature increase. From considerations of radiative and energy transfer balance in Figure 2 , it follows that:
This condition also prevents a discontinuity in temperature at the planet-atmosphere boundary. Alternatively, I consider that since the base of atmosphere is in contact with the surface, then in an equilibrium state, these must have the same temperature on average over the planet. It then follows from the radiative balance that:
The physical interpretation of T 2 = 0 is that the TOA can be regarded as a non-radiating surface in the grey body model. Note that this condition is theoretically supported from both the convective (adiabatic) modeling from Equations (1)- (3), and radiative modeling from Equations (5) and (6) .
From Equation (4), the term σT 4 0 is now redundant in the model, and can be replaced to yield the radiative model as shown in Figure 3 . Radiative fluxes are thereby expressed as functions of S, a, ε, µ, L & Q. Note that the upward surface flux and top of atmosphere fluxes are expressed in terms of the three independent variables S, a, and ε. The remaining variables L, Q, and µ do not affect the upward surface flux or TOA fluxes. By replacing for absorbed solar insolation P = (1 − a)S/4 in Figure 3 , and ignoring all of other fluxes except at top of atmosphere and upward radiative surface flux, I reproduce Figure 1 , which is the statement of the model in Section 3.1. It is important to note that the quantity P is not an independent variable; it is used as a convenient simplification of the algebraic expressions for flux components in Figures 1, 3 and 4 . P is entirely dependent on the two independent variables S and a. If I consider S as a constant, which is approximately correct, then changes in albedo a determine changes in P, and not vice versa.
increase. From considerations of radiative and energy transfer balance in Figure 2 , it follows that:
The physical interpretation of 2 = 0 is that the TOA can be regarded as a non-radiating surface in the grey body model. Note that this condition is theoretically supported from both the convective (adiabatic) modeling from Equations (1)- (3), and radiative modeling from Equations (5) and (6) .
From Equation (4), the term Figure 3 , and ignoring all of other fluxes except at top of atmosphere and upward radiative surface flux, I reproduce Figure 1 , which is the statement of the model in Section 3.1. It is important to note that the quantity P is not an independent variable; it is used as a convenient simplification of the algebraic expressions for flux components in Figures 1, 3 and 4. P is entirely dependent on the two independent variables S and a. If I consider S as a constant, which is approximately correct, then changes in albedo a determine changes in P, and not vice versa. 
Derivation of the Non-Equilibrium Adiabatic Radiative Model
A refinement of the equilibrium model shown in Figure 4 allows for transitional, nonequilibrium radiative states associated with thermal ramp-up or ramp-down of the surface following changes in the total downwelling radiation. A change in downwelling radiation at the surface can arise from a change in P or bulk atmospheric emissivity . Such a perturbation results in an imbalance between the surface absorbed and surface emitted flux, and also results in an imbalance between the absorbed and emitted flux at the top of atmosphere. In the case of an increase in downwelling radiation, the surface temperature must increase to regain radiative equilibrium with the 
A refinement of the equilibrium model shown in Figure 4 allows for transitional, non-equilibrium radiative states associated with thermal ramp-up or ramp-down of the surface following changes in the total downwelling radiation. A change in downwelling radiation at the surface can arise from a change in P or bulk atmospheric emissivity ε. Such a perturbation results in an imbalance between the surface absorbed and surface emitted flux, and also results in an imbalance between the absorbed and emitted flux at the top of atmosphere. In the case of an increase in downwelling radiation, the surface temperature must increase to regain radiative equilibrium with the downwelling radiation. Some fraction B of the increase in downwelling radiation is absorbed and retained in the surface, and results in a monotonic increase of the surface temperature. B in W/m 2 is the rate of energy accumulation and storage of energy E (J/m 2 ) in the surface, such that B = dE/dt. In the case of Earth, the thermal ramp-up largely comprises the absorption of downwelling radiation in the oceans (Hansen et al., 2005) [18] , and observations of ocean heat content E are used to quantify B.
The flux equivalent of B is unavailable for surface emission, and I adjust the flux components appropriately as shown in Figure 4 . Consider conservation of energy at the surface:
thus σT
The surface flux is then given by (P − B)/(1 − ε), and outgoing longwave radiation is (P − B). As we shall see below, this non-equilibrium state describes the condition of the Earth, as shown in the radiative model of Wild et al. (2015) .
In the case of a decrease in the downwelling radiation, the surface temperature must decrease in order to regain radiative equilibrium; this equates to B having a negative value, and energy emitted by radiation from the surface temporarily exceeds energy absorbed, and the surface temperature therefore decreases. Let the amount of energy required to be lost or gained by the surface to regain radiative equilibrium with downwelling radiation be J (in joules per meter squared), then:
where t 0 is the time of the initiation of the perturbation, and t equ is the time at which equilibrium is regained. When B = 0, the model reverts to the equilibrium state of Figure 3 . Table 1 lists the values for atmospheric radiative and non-radiative flux components as compiled by Wild et al. (2015) , (see also Figure 5 ), and the calculated equivalents in the adiabatic radiative model using the parameters shown in the "Value" column. The observation-based model, with a top of atmosphere radiative imbalance, is equivalent to the non-equilibrium adiabatic radiative model of Table 1 , which are derived from ±2 W/m 2 accuracy levels in CERES data and 2σ uncertainties in ground-based flux measurements from GEBA and BSRN.
Validation of the Model by Comparison with Observations
The values for (L + Q) in the adiabatic radiative model are also taken directly from the estimates of Wild et al. (2015) . These values are only relevant to determining the total downwelling atmospheric radiation, but, as discussed above, do not contribute to the globally averaged surface radiative flux. The adiabatic model uses only a bulk value for albedo, hence, the Wild et al. model value for "Solar reflected surface" is already incorporated into a of the adiabatic model, and the value "Solar down surface" is not required.
of atmosphere radiative imbalance, is equivalent to the non-equilibrium adiabatic radiative model of Table 1 , which are derived from ±2 W/m 2 accuracy levels in CERES data and 2σ uncertainties in ground-based flux measurements from GEBA and BSRN.
The values for (L + Q) in the adiabatic radiative model are also taken directly from the estimates of Wild et al. (2015) . These values are only relevant to determining the total downwelling atmospheric radiation, but, as discussed above, do not contribute to the globally averaged surface radiative flux. The adiabatic model uses only a bulk value for albedo, hence, the Wild et al. model value for "Solar reflected surface" is already incorporated into of the adiabatic model, and the value "Solar down surface" is not required. The adiabatic model approximates the observed radiative fluxes to within the uncertainty ranges shown in Table 1 , and closely approximates the "Best Estimate" values of Wild et al. It is noteworthy that the relatively simple adiabatic radiative model is able to closely approximate downwelling longwave radiation purely by considering absorbed solar insolation, rate of ocean heat storage, and the bulk atmospheric emissivity. This value is close to the best estimate for global mean downward thermal radiation derived by Wild et al. (2013) [3] (p. 3127) from 21 CMIP5/IPCC AR5 models.
Application of the Equilibrium Adiabatic Radiative Model to Planetary Bodies
The equilibrium adiabatic radiative model is applied to the four rocky planets [19] and one satellite, Titan, with the resulting calculated values for P, ε and greenhouse factor in Table 2 . The positions of Mercury, Mars, Earth, Venus, and Titan are plotted on a graph of ε against 1/(1 − ε) in Figure 6 . This graph shows the relationship between bulk atmospheric emissivity and the greenhouse factor. (Note that this is a purely descriptive graph with no error estimation, since the greenhouse factor is derived directly from the atmospheric bulk emissivity, hence all of the planetary bodies in Table 2 will fall exactly on the curve). The greenhouse factor is dependent on the absolute mass of atmospheric greenhouse gases present, hence Venus, with the densest atmosphere dominated by greenhouse gases, has the greatest greenhouse factor of 112 units. Mars, with the most tenuous atmosphere, has a very small greenhouse factor. Mercury with no atmosphere has ε = 0, and a greenhouse factor of 1, which is the trivial case application of the adiabatic model to planets without an atmosphere. Note that the greenhouse factor 1/(1 − ε) is unbounded, and approaches infinity as ε approaches unity. Any sufficiently massive irradiated atmosphere can therefore in theory generate any high surface temperature, the closest example of which is the atmosphere of Venus; further research is required to apply the radiative model to the gas giants, which potentially have much higher greenhouse factors.
The equilibrium radiative model of Venus most clearly demonstrates the anisotropic nature of atmospheric emission. Of the 16,728 W/m 2 of surface flux, only 149 W/m 2 escapes the system as transmitted longwave radiation, and the remaining atmosphere-absorbed 16,579 W/m 2 is redirected into the surface, which is required to maintain the high surface temperature. transmitted longwave radiation, and the remaining atmosphere-absorbed 16,579 W/m 2 is redirected into the surface, which is required to maintain the high surface temperature. 
Application of the Non-Equilibrium Adiabatic Radiative Model to Earth
In the non-equilibrium radiative model, the Earth's surface flux is determined by solar insolation, albedo, bulk atmospheric emissivity with respect to the surface flux, and the rate of energy storage B into (or out of) the oceans. These quantities can be determined using time-series datasets of incoming top of atmosphere solar isolation S, outgoing longwave radiation (OLR), the surface temperature record T 0 as a proxy for surface flux, and ocean heat content as a proxy for stored energy. In this application, we must consider the adiabatic radiative model as nothing more than a template or framework by which we can evaluate the climate data sets. The model itself is impartial to the outcomes, that is, the model does not predict or constrain a priori how each of the independent variables S, B, ε, or a will change. The radiative model quantifies these variables using the following relationships:
bulk emissivity ε = 1 − |OLR|/σT
The accuracy of HIRS 2.2 OLR [20] is estimated at ±2 W/m 2 with respect to CERES, and the HadCRUT4 [21] total uncertainty estimates of the 95% confidence interval of all of the uncertainties described in the HadCRUT4 error model are applied to the combined ERSST v5 and GHCN CAMS temperature used for the proxy surface flux derivation in the graphs, as shown in Figure 7 . B is approximated from dE/dt using the ocean heat content data. The rate of change in ocean heat over the period from January 1979 to June 1984 was estimated as B = −0.27 ± 0.12 W/m 2 averaged over the globe, and over the period June 1984 to June 2015, it was estimated as B = 0.67 ± 0.12 W/m 2 . The uncertainty value is approximated from the maximum and minimum slopes over the second period allowed by the uncertainties in ocean heat content E from the data source in June 1984 and June 2015. Figure 7d , which is shown as the red line. In absolute terms, the values and the trends are in reasonable agreement, giving some confidence in the model-generated values in the prior period of 1979-2000. This should not be surprising, as Equation (14) is derived from the definition of bond albedo, using the HIRS 2.2 OLR dataset and B to derive absorbed solar, and PMOD for incoming TOA solar. In Figure 8 , albedo is expressed as top of atmosphere anomalies in W/m 2 . The blue curve is generated from the adiabatic model using HIRS 2. 
The accuracy of HIRS 2.2 OLR [20] is estimated at ±2 W/m 2 with respect to CERES, and the HadCRUT4 [21] total uncertainty estimates of the 95% confidence interval of all of the uncertainties described in the HadCRUT4 error model are applied to the combined ERSST v5 and GHCN CAMS temperature used for the proxy surface flux derivation in the graphs, as shown in Figure 7 . B is approximated from dE/dt using the ocean heat content data. The rate of change in ocean heat over the period from January 1979 to June 1984 was estimated as = −0.27 ± 0.12 W/m 2 averaged over the globe, and over the period June 1984 to June 2015, it was estimated as = 0.67 ± 0.12 W/m 2 . The uncertainty value is approximated from the maximum and minimum slopes over the second period allowed by the uncertainties in ocean heat content E from the data source in June 1984 and June 2015. Figure 7d , which is shown as the red line. In absolute terms, the values and the trends are in reasonable agreement, giving some confidence in the model-generated values in the prior period of 1979-2000. This should not be surprising, as Equation (14) is derived from the definition of bond albedo, using the HIRS 2.2 OLR dataset and B to derive absorbed solar, and PMOD for incoming TOA solar. In Figure 8 , albedo is expressed as top of atmosphere anomalies in W/m 2 . The blue curve is generated from the adiabatic model using HIRS 2. Figure 7c shows the time-series behavior of the greenhouse factor. The model identifies a slight decrease in this value over the period, which is also reflected in Figure 7f , of atmospheric bulk emissivity. A decreasing greenhouse factor means a weakening of the greenhouse effect. An immediate objection to this model outcome is that the increasing atmospheric greenhouse gas concentrations are well-documented over the time period. This objection is overcome when I consider that the bulk atmospheric emissivity ε is the sum effect of all of the greenhouse gases in the atmosphere. An increase in atmospheric non-condensing greenhouse gas concentration may be offset by a decrease in atmospheric water vapor, which is the dominant greenhouse gas; however, this model is not able to determine the magnitudes of the contributions of differing greenhouse gas species. There is differing evidence for decreasing atmospheric water content during the time period. Figure 9 shows graphs of Total Precipitable Water from the NVAP-M dataset [12] and Total Water Vapor from the ISCCP D2 dataset [11] over the period from 1988-2008. The ISCCP data support the interpretation of decreasing atmospheric water, particularly after 1998. The NVAP-M data show a decrease in atmospheric water over the period from 1998 to 2008, but of a much lower magnitude than the ISCCP data, and the overall trend from 1988 does not show a decrease. Hence, the NVAP-M data over the period from 1988-1998 do not support an interpretation of decreasing atmospheric water vapor.
Since the surface flux shown in Figure 7e is the product of the greenhouse factor and absorbed solar insolation minus B, that is (P − B)/(1 − ε), it is clear from the model that increasing absorbed solar radiation, caused by a lowering of the bond albedo, was the driver of increased surface temperature during the period 1979-2015, and also of the increase in ocean heat content, as shown in Figure 7b . The model does not identify a cause for the decrease in albedo; the model is impartial. I may speculate that a decrease in atmospheric water content, apart from lowering atmospheric bulk emissivity, also leads to a decrease in cloud cover and therefore to a decrease in albedo. Since the surface flux shown in Figure 7e is the product of the greenhouse factor and absorbed solar insolation minus B, that is / 1 , it is clear from the model that increasing absorbed solar radiation, caused by a lowering of the bond albedo, was the driver of increased surface temperature during the period 1979-2015, and also of the increase in ocean heat content, as shown in Figure 7b . The model does not identify a cause for the decrease in albedo; the model is impartial. I may speculate that a decrease in atmospheric water content, apart from lowering atmospheric bulk emissivity, also leads to a decrease in cloud cover and therefore to a decrease in albedo. Since the surface flux shown in Figure 7e is the product of the greenhouse factor and absorbed solar insolation minus B, that is ( − )/(1 − ), it is clear from the model that increasing absorbed solar radiation, caused by a lowering of the bond albedo, was the driver of increased surface temperature during the period 1979-2015, and also of the increase in ocean heat content, as shown in Figure 7b . The model does not identify a cause for the decrease in albedo; the model is impartial. I may speculate that a decrease in atmospheric water content, apart from lowering atmospheric bulk emissivity, also leads to a decrease in cloud cover and therefore to a decrease in albedo. 
Discussion
The adiabatic radiative model, which was derived from a consideration of a theoretical non-radiating top of atmosphere, approximates average planetary surface flux as a function of absorbed solar radiation and a scaling factor, the greenhouse factor, which quantifies the greenhouse effect of an atmosphere on the surface temperature. The model is applicable to all of the rocky planets in the solar system. By allowing for the small non-equilibrium conditions on Earth quantified by changes in ocean heat content, the model was compared directly with the empirical, observation-based energy budget derived by Wild et al. (2015) [4] , and was found to be in close agreement. One strength of the model is that it provides a framework for analyzing changes in radiative fluxes for any given set of surface temperature, ocean heat content, OLR, and TOA incoming solar data sets, and identifies which variables are contributing to each flux change. The weakness of such an impartial model as this is that it offers no root-cause explanation or mechanisms for changes in the determining variables S, B, ε, or a. These must be determined independently. Thus, for Earth, the model identifies a weakening of the greenhouse effect, and a decreasing planetary albedo, without giving a cause. Decreasing atmospheric water vapor was tentatively identified as a possible cause, but supporting evidence must be sought elsewhere, as it is not available in the model. Another limitation is that the adiabatic model provides no insight into the internal structure and dynamics of the atmosphere: however, the boundary fluxes at the base and top of atmospheres are firmly defined.
The results of the application of the adiabatic model do not negate that the increase in non-condensing atmospheric greenhouse gases in Earth's atmosphere drives an increase in the surface temperature. It is quite clear that increasing ε will drive an increase in the surface flux; however, the influence of atmospheric water vapor variability appears to be a determining factor in the behavior of bulk atmospheric emissivity.
To further illustrate the utility of the adiabatic model, Table 3 Figure 5 . First, the adiabatic model determines the variables S, B, µ, ε, and a directly from the mean of the CMIP5 models, and then applies these variables to the "Value" column of Table 1 , which are derived from the radiative model of Figure 4 . Values for L and Q are also taken directly from the CMIP5 models. Surface components are well matched by the adiabatic model, and are well within the error margins, with differences less than 0.5 W/m 2 .
One feature of the equilibrium model is the independence of the outgoing longwave radiation and the bulk atmospheric emissivity. In Equation (4), ε and T 0 are not independent variables; the outgoing longwave radiation in the equilibrium model shown in Figure 3 depends only on the independent variables solar insolation S and bond albedo a. If I treat solar insolation S as a constant, which is a reasonable approximation, then there are only two ways to significantly change average planetary surface temperature: by changes in P through change in albedo, and by changes in the bulk atmospheric emissivity through altering greenhouse gas abundances. Consider an increase in bulk atmospheric emissivity at a constant value for P. The model predicts that during the resulting non-equilibrium state, OLR will initially decrease due to B. From an energy perspective, this is because the upward surface flux is the only available energy source for increasing the surface temperature, which is rerouted to the surface as part of the increased downwelling component ε(P − B)/(1 − ε) of longwave radiation in Figure 4 , and the energy must be deducted from the OLR. When B = 0 and equilibrium is regained, the OLR returns to its initial value. Surface flux will increase during the non-equilibrium stage. Conversely, a reduction of ε with constant P will result in a transient increase in OLR to (P − B), B < 0, during the non-equilibrium state, and OLR will return to its initial value when B = 0 and equilibrium is regained; meanwhile, surface flux will decrease during the non-equilibrium stage. Neither of these situations describes the evolution of the Earth's radiative fluxes over the period from 1979-2015, which shows increasing OLR in excess of B and increasing surface flux in a non-equilibrium state. Increasing P at constant ε will drive increases in both surface flux and OLR during the non-equilibrium state, and the energy source is additional solar insolation entering the system due to a reduction in albedo. Increasing P at constant ε will also drive an increase in downwelling longwave radiation, because the components µP + ε(P − B)/(1 − ε), as shown in Figure 4 , will also increase. This situation better describes the behavior of the Earth's radiative fluxes over the period from 1979-2015. Changes in downwelling longwave radiation cannot be attributed solely to an increase in ε without reference to changes in components P and B.
Further clarification of downwelling longwave radiation is required. Some authors (e.g., Trenberth et al. 2009 [23]) refer to this quantity as back radiation. Recall from Figure 4 that downwelling longwave radiation comprises µP + ε(P − B)/(1 − ε) + L + Q. For the purposes of this study, back radiation strictly refers to surface-emitted longwave radiation, which is absorbed by the atmosphere and re-emitted to the surface, and is the quantity ε(P − B)/(1 − ε). It is the only component of the downwelling longwave radiation with partial dependence on ε. Figure 10 shows the 1979-2015 time-series behavior of the components of downwelling longwave radiation generated by the model. Here, neither P nor ε are constant. The component ε(P − B)/(1 − ε) = εσT 4 0 , our back radiation, in Figure 10 has seen a downward trend over the period, which is driven by a decreasing greenhouse factor. The component µP, which is atmosphere-absorbed incoming solar re-radiated as longwave toward the surface, has increased due to increased P, assuming constant atmospheric short wave emissivity µ = 1/3. The rate of non-radiative surface-to-atmosphere heat transfer L + Q is assumed to be a constant value of 103 W/m 2 over the same period. The sum of these components, as shown in the top curve in Figure 10 , shows an increase in total downwelling longwave radiation over the period, which is driven by µP. Therefore, it is quite possible for total downwelling longwave radiation to increase, even when the greenhouse effect expressed through back radiation decreases. The graph demonstrates the principle, although the uncertainties associated with OLR used in the derivation of atmospheric absorbed solar and back radiation are significant. Therefore, change in the time-series magnitude of total downwelling longwave radiation by itself is not diagnostic of any particular change in the greenhouse effect. The greenhouse factor, 1/(1 − ε), which is independent of P, B, L, and Q, and is a function only of the bulk atmospheric emissivity with respect to surface emission, provides a more direct and unambiguous measure of the strength of the greenhouse effect. uncertainties associated with OLR used in the derivation of atmospheric absorbed solar and back radiation are significant. Therefore, change in the time-series magnitude of total downwelling longwave radiation by itself is not diagnostic of any particular change in the greenhouse effect. The greenhouse factor, 1/(1 − ) , which is independent of P, B, L, and Q, and is a function only of the bulk atmospheric emissivity with respect to surface emission, provides a more direct and unambiguous measure of the strength of the greenhouse effect. Another feature of the model is that outgoing radiation is sourced entirely from the surface emission; the only route for absorbed solar energy to leave the system is by re-emission from the surface. This is a direct consequence of the non-radiating top of atmosphere, which prevents the atmosphere from radiating directly to space.
